The renal handling of insulin was studied by insulin immunoassay in arterial blood, renal venous blood, and urine of fasting patients with normal renal function and in peripheral venous blood and urine of normal subjects and patients with renal disease before and after an oral glucose load. A renal arteriovenous insulin concentration difference of approximately 29% was found and suggests that in normal subjects renal insulin clearance is significantly in excess of glomerular filtration rate. The insulin excreted in the urine of normal individuals at no time exceeded 1.5% of the load filtered at the glomerulus. This contrasts with the finding of a urinary insulin clearance approaching glomerular filtration rate in patients with severely impaired renal tubular function.
Introduction
There is accumulating evidence, reviewed by O'Brien and Sharpe (1) , that the influence of the kidney on carbohydrate metabolism may be due to an important role in insulin metabolism in addition to its function as an organ of glucose conservation and gluconeogenesis. There are, however, a number of contradictory observations to be reconciled. There is the widespread clinical impression, albeit much disputed (2, 3) , that insulin requirements of diabetic patients may fall with the onset of renal failure as do those of rats with alloxan diabetes after the induction of nephrosis (4) . On the other hand, patients developing re-nal failure may then, for the first time, show a diabetic type of glucose tolerance curve, and recently it has been shown that the carbohydrate intolerance of chronic renal failure may be abolished by repeated hemodialysis (5, 6) . The amount of insulin appearing in the urine of experimental animals after perfusion experiments is much less than that expected for a protein of the same molecular weight (7, 8) . Human urinary insulin excretion was similarly less than theoretically expected in the recent studies of urinary immunoreactive insulin by Jorgensen (9) and McArthur and Stimmler (10) , although neither was accompanied by serum studies. These workers imply, and others have claimed more directly (11) , that urinary insulin may reflect serum levels and hence urinary insulin studies may become useful clinically. We in subjects with normal renal function and in patients with well-defined renal abnormalities.
Methods
Seventeen subjects with normal renal function and seven patients with renal disease were studied. All had a normal fasting blood glucose, and glycosuria was present in none of the subjects with normal renal function.
Insulin assay. Immunoreactive insulin was measured in serum and urine by the method of Morgan and Lazarow (12) A catheter was passed into the left renal vein under fluoroscopic control and its position confirmed by the injection through it of 2 ml of 85% Hypaque (diatrizoate).
Blood for insulin estimation was withdrawn simultaneously through the venous catheter and from a convenient arterial site.
In nine of the above patients an accurately timed specimen of urine for insulin estimation was obtained, by voluntary voiding, over a period the midpoint of which was the time of arterial and venous blood sampling.
Results
Renal arteriovenous insulin differences in the twelve fasting patients with normal renal function are summarized in Table I . The concentration of insulin in renal venous blood was invariably lower than in the corresponding arterial blood. The mean arterial insulin level was 14.1 and the mean venous level 9.3 juU per ml. The magnitude of the arteriovenous difference is related to arterial insulin level for the 12 patients in Figure 2 . The correlation coefficient is 0.95, and the calculated regression line has been drawn and indicates that within the limits of the study renal extraction of insulin is proportional to arterial blood concentration. The regression line is too dependent on points derived from low serum insulin levels, at which the assay is least reliable, for other conclusions to be drawn from it.
The mean renal insulin extraction ratio (arteriovenous difference/arterial level) was 0.29 (standard deviation 0.12) as shown in Table I . Assuming a normal renal plasma flow of approximately 650 ml per minute, this would imply a renal insulin extraction of the order of 190 ml per minute. This contrasts with the over-all mean value of 0.37 ml per minute (standard deviation 0.18) for the urinary insulin clearance calculated from urinary to arterial insulin concentration ratio and urine flow rate.
The effect of variations in serum insulin concentration and of renal abnormalities. We wished to determine the effect on its renal handling of variations in the level of serum insulin and also the abnormalities of insulin handling in patients with various renal disorders. For neither of these studies was it thought justifiable to perform repeated arterial punctures let alone renal vein catheterization. Therefore, five normal adults, listed in Table II , and six patients with well-defined renal abnormalities, listed in Table III , were investigated as follows.
Insulin concentration was measured in forearm venous blood and in urine samples obtained immediately before and at 30-minute intervals after a 50-g oral glucose load had been given to fasting subjects. All blood samples were assayed for glucose in addition to insulin. The importance -of complete bladder emptying was stressed, and urine collections were carefully timed. The urine with normal renal function. Thus, there can be no net excretion of insulin by the tubules, although some minor degree of tubular secretion cannot be excluded. There must, therefore, be considerable metabolic consumption of insulin by the kidney analogous to that demonstrated for the liver by Samols and Ryder (17) . Assuming a mean serum insulin throughout the day of 14 jAU per ml (the midpoint of our normal fasting range), the renal extraction of insulin calculated above would imply a daily renal consumption of insulin of approximately 4 U. This is to be seen in the context of a total daily insulin requirement of 26 to 40 U for pancreatectomized man (18) . There are three possible explanations for the very small amounts of insulin appearing in the urine of normal individuals; either filtration at the glomerulus is much less than would be predicted on theoretical grounds (19) because of polymerization or protein binding, or there is very efficient tubular reabsorption of filtered insulin, or filtered insulin is largely destroyed within the tubular lumen. If the second alternative is true and the majority of filtered insulin is reabsorbed, then the figures for renal arteriovenous differences show that reabsorbed insulin does not return to the renal vein.
The permeability of the glomerular basement membrane to insulin is theoretically determined on the basis of molecular size. The molecular weight of insulin has been a matter of considerable conjecture (20) , but there is now general agreement on a molecular weight of 6,000 with existence in serum possibly as a dimer or other small number polymer, which would not be impeded at the glomerulus. Binding of insulin by serum proteins was studied in vitro by Merimee, Lockwood, and Prout (21), who found slight (approximately 5%o) binding of '311-labeled insulin by all protein frac--tions and rather -greater affinity for alpha globulins. These questions of protein binding and polymerization would be of relevance were it not that large quantities of insulin are found in the urine of patients with severe impairment of renal tubular function. In such patients the urinary insulin clearance may approach the glomerular filtration rate (Table VI) . Values for urinary insulin clearance in Tables IV, V , and VI will be slightly too high because they are calculated from peripheral venous rather than arterial insulin concentrations. This probably accounts for urinary insulin clearance exceeding glomerular filtration rate in Patient 19. The conclusion is that insulin is normally totally filtered at the glomerulus and is then almost completely reabsorbed or destroyed within the tubules. The reabsorptive or destructive process is such that over 98%o of filtered insulin is accounted for at all serum insulin concentrations encountered after an oral glucose load. In tubular disease the efficiency of the process falls and, as in Patients 18 and 19, the amount of insulin excreted in the urine may eventually approach that filtered. Thus, of the insulin consumed by the kidney, which in the fasting state amounts to some 29% of the insulin in renal arterial blood in each passage, slightly more than half is first filtered at the glomeruli, whereas the remainder is taken up directly from the blood. The possibility that increased permeability of the glomerular basement membrane is the mechanism of the increased insulinuria of renal disease is made unlikely by the finding of normal or near normal urinary insulin clearances in Patients 22 and 23 with nephrotic syndrome, in whom glomerular permeability was certainly increased.
Injected insulin is known to accumulate in the cells of the proximal renal tubules (22) , and these cells have a high content of insulinase- (23) . The proximal tubule is also the site of glucose reabsorption, and it has been suggested that filtered insulin facilitates the reabsorption of filtered glucose (22) . In Patients 18 and 19 with severe tubular disorders in whom almost the whole of the filtered insulin was lost in the urine, there was only a trace of glycosuria; the great majority of the filtered glucose was still reabsorbed. It may be that filtered insulin is necessary for the reabsorption of filtered glucose, but the magnitude of the filtered load of glucose cannot be the prime determinant of insulin reabsorption. Even if the suggested variation of urinary insulin clearance after glucose load is a valid observation and urinary insulin clearance may vary in normal individuals by as much as a factor of eight, such variations can be of no importance in over-all insulin economy because tubular reabsorption or destruction is at all times over 98% efficient. The greatest amount of insulin found in the urine of a normal individual was 1.47% of the calculated filtered load. It is not known whether the renal insulin extraction is 917- altered in the presence of tubular disease, nor has the renal or urinary insulin clearance been measured in the diabetic or the patient with renal glycosuria. Table VI shows how the renal handling of insulin differs from normal in particular renal disorders. The urinary insulin clearance equaled or approached glomerular filtration rate in the two patients with Fanconi syndrome whose disease was predominantly tubular, and the value was some 25 times greater than normal (as a proportion of glomerular filtration rate) in the patient recovering from acute tubular necrosis. Patient 24 with cadmium nephropathy, where the disease is almost exclusively tubular (24), had approximately 25 times more insulinuria than normal.
These findings contrast with the normal urinary insulin clearance, both absolutely and as a proportion of glomerular filtration rate, in Patient 22 with nephrotic syndrome. This patient had a "minimal" glomerular abnormality (25) and no tubular lesion. Insulin clearance was slightly increased in Patient 23 also with nephrotic syndrome with a predominantly minimal glomerular lesion, but in this case there had been several authenticated episodes of pyelonephritis and presumably an added tubular lesion. In patient 21 the urinary insulin clearance relative to glomerular filtration rate was considerably increased to a value intermediate between that seen in the purely glomerular disease of "minimal" nephrotic syndrome and the purely tubular Fanconi syndrome. This patient suffered from chronic glomerulonephritis but had entered terminal chronic renal failure where glomerular and tubular disorder inevitably coexist.
These results demonstrate that the reabsorption or destruction of insulin by the normal renal tubules is a very efficient process. It follows that measurement of this capacity may afford a very sensitive measure of tubular function. As insulin assay becomes reliable and readily available, so urinary insulin clearance may achieve some usefulness as a sensitive test of proximal tubular function.
Caution must be exercised in attempting to use urinary insulin concentration or excretion as an index of serum insulin concentration or insulin production, because the proportion of the filtered load of insulin appearing in the urine is very small whatever the serum level and the absolute amount of insulin in the urine is at all times small. Furthermore, major changes in urinary insulin excretion may occur as a result of relatively minor and otherwise undetected renal tubular abnormalities.
The validity of these conclusions is necessarily dependent on the accuracy of the insulin assay. Under fasting conditions in normal individuals urinary insulin concentrations and renal arteriovenous insulin differences are often near the limit of the sensitivity and reproducibility of this assay method. In the range 0 to 5 ,uU per ml, individual assays may have an error (2 X standard deviation) of around 70%. For this reason it is not possible to regard urinary insulin clearances and renal insulin extraction ratios for individual patients as accurate physiological measurements. However, the variation of urinary insulin clearance in the group of nine normal subjects was small (range 0.06 to 0.61, mean 0.37 +-0.18 SD) and allows us to be reasonably certain that the results obtained are of the right order of magnitude. The urinary insulin clearance of patients with severe tubular disease, when expressed as a fraction of glomerular filtration rate, differs from that of normal individuals by factors of 30 to 400. Conclusions about the filtration of insulin and its subsequent tubular reabsorption or destruction are largely based on such differences, which are fortunately so great that they are unlikely to be due to errors of the assay. As to the precise magnitude of the renal insulin extraction ratio and the question of whether this always exceeds the filtration fraction, the evidence presented here can only be regarded as suggestive rather than conclusive. The assay used in this study is as sensitive as any known to exist; the precise measurement of the renal handling of insulin must await an assay with sensitivity increased at least tenfold. Meanwhile, it may be of value to infer the mode of handling from the evidence now available.
